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We identify dd-excitations in the quasi-one dimensional compound Ca2Y2Cu5O10 using resonant
inelastic x-ray scattering. By tuning across the Cu L3-edge, we observe abrupt shifts in the dd-peak
positions as a function of incident photon energy. This observation demonstrates orbital-specific
coupling of the high-energy excited states of the system to the low-energy degrees of freedom. A
Franck-Condon treatment of electron-lattice coupling, consistent with other measurements in this
compound, reproduces these shifts, explains the Gaussian lineshapes, and highlights charge-orbital-
lattice renormalization in the high energy d-manifold.
PACS numbers: 78.70.Ck,71.38.-k,74.72.-h,7b1.70.Ch
Novel quantum phases in solids often emerge via cou-
pling between the charge, spin, lattice, and orbital de-
grees of freedom. To gain insight into the formation of
these novel phases, it is important to determine the en-
ergy scales of the collective excitations associated with
these degrees of freedom and to understand their mu-
tual couplings. Spin and lattice excitations have tra-
ditionally been studied through scattering experiments
including Raman[1], neutron[2–4], and inelastic x-ray
scattering[1, 5]. Recently, resonant inelastic x-ray scat-
tering (RIXS) has emerged as a powerful tool to study
various collective excitations[6, 7]. In particular, it has
been demonstrated that RIXS can probe the interaction
between distinct degrees of freedom, such as electron-
phonon[8] and spin-orbital[9] coupling in materials.
RIXS at the transition metal L-edge is especially suited
to probing the excitations within the d-orbital manifold
[10, 11]. These so-called dd-excitations cannot be ex-
cited through direct optical transitions due to dipole se-
lection rules, and are difficult to measure with neutron
scattering[4]. Their energies are largely determined by
the oxygen configuration through hybridization and crys-
tal field splitting; therefore dd-excitations are, in princi-
ple, sensitive to lattice distortions, such as Jahn-Teller
and phonon modes, and contain rich information about
electron-lattice-orbital coupling in transition metal ox-
ide systems. However in the past, the coupling of dd-
excitations to lattice degrees of freedom has not been
demonstrated due to the insufficient energy resolution of
RIXS measurements.
Here we present a Cu L3-edge RIXS measurement of
the dd-excitation profile for the quasi-one-dimensional
edge-sharing cuprate Ca2Y2Cu5O10 (CYCO) [12–14].
CYCO consists of edge-sharing Cu and O plaquette
chains running parallel to the a-axis (see Fig. 1(a)) with
interstitial Ca and Y atoms providing a charge reservoir.
The magnetic superexchange energy J of the system is
expected to be much smaller [15] than those of corner-
sharing quasi-one-dimensional cuprates such as Sr2CuO3
[16] according to the Goodenough-Kanamori-Anderson
rules[17, 18] and the near-perpendicular Cu-O-Cu bond
angles in CYCO . Indeed, inelastic neutron scattering
studies have found a ferromagnetic intra-chain exchange
J∼7-15 meV[14, 19, 20]. Since the magnetic energy scale
is much smaller than the resolution of our measurements
(∼140 meV), the observations reported in this letter are
unlikely to be associated with magnetic degrees of free-
dom.
We identify the energy scales and respective orbital
characters of the dd-excitations in CYCO through the
scattering geometry dependence of the RIXS cross-
section. A RIXS map of energy loss versus incident pho-
ton energy reveals an abrupt shift in the excitation peak
energy as one scans across the Cu L3-edge, indicating
a significant coupling between the charge, orbital, and
lattice degrees of freedom. A Franck-Condon (FC) treat-
ment for the coupling between the electronic and lattice
degrees of freedom reproduces the observed structures,
consistent with an analysis conducted at the O K-edge
for the same family[8]. Our results demonstrate how high
energy orbital excitations can be significantly renormal-
ized by the lattice degrees of freedom, which have a much
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FIG. 1: (Color online) (a) A sketch of the crystal struc-
ture of Ca2Y2Cu5O10. (b) Scattering geometry relative to
the CuO2 chains. The blue arrows indicate the incident and
out-going x-rays. The green arrow indicates the electric field
(i.e.polarization) of the incident x-rays. (c) XAS (TFY) of
the undoped compound, with the red arrow indicating the
copper L3-edge.
lower energy scale.
Experiments were performed at the ADRESS beam-
line of the Swiss Light Source at the Paul Scherrer In-
stitut using the SAXES spectrometer[21, 22]. Fig. 1(b)
shows a schematic of the scattering geometry in relation
to the crystal axes and incident polarization, fixed nor-
mal to the scattering plane (σ polarization). In our setup
there is no polarization discrimination of the scattered
photons at the detector. RIXS measurements were per-
formed with a fixed scattering angle of 130◦. The sample
was rotated by an angle θ to access different polariza-
tion configurations, allowing us to identify the character
of the dd-excitations. The energy resolution was set to
140 meV. The sample temperature was held at 30 K,
which is above the magnetic transition temperature of
the material[12]. Fig. 1(c) shows the x-ray absorption
spectrum (XAS) of CYCO, which was measured with to-
tal fluorescence yield (TFY), with the arrow indicating
the incident photon energy corresponding to the Cu L3-
edge (931.2 eV).
Fig. 2(a) shows RIXS spectra taken at the absorption
edge for various incident angles θ, relative to specular re-
flection. Energy loss, defined as the difference between
the incident and scattered photon energies, measures the
energy of the various excitations created during the RIXS
process. The three peaks seen in the range of 1.5 to 2.5
eV correspond to the dd-excitations and show little dis-
persion as a function of θ, indicative of their localized
nature. Intriguingly, the intensities of the dd-excitations
vary dramatically as a function of angle. Such an inten-
sity modulation arises from the change in scattering ma-
trix elements due to changes in photon polarization with
respect to the orbital spatial symmetry. Therefore, the
orbital nature of the dd-excitations can be determined by
modelling this intensity modulation, as has been demon-
strated in other cuprates[23, 24].
Following the procedures described in Ref. 24, we use
an atomic model to calculate the angular dependence of
the dd-excitations, as shown in Fig. 2 (b), neglecting the
elastic line (i.e. dx2−y2-related excitations). We note in
the inset of Fig. 2(a) our d-orbital convention relative to
the crystal axes: the crystal b axis is equivalent to the z
axis of the d-orbitals, and the x/y-axes of the d-orbitals
lie along the copper-oxygen bond direction. Reproducing
the experimental intensity variation leads to the assign-
ment of d-orbital character for each of the excitations (an-
notated in Fig 2(b)): dxy at 1.67 eV, degenerate dxz/yz
at 1.99 eV, and d3z2−r2 at 2.37 eV. The energies account
for the geometric crystal field as well as ligand field hy-
bridization effects within in the d-manifold. Given the
geometry and local coordinates for each plaquette as well
as the lack of confining apical oxygen or rock salt layers
compared with two-dimensional planar cuprates, the as-
signment is consistent with the fact that both the dxz/yz
and d3z2−r2 -orbitals possess more out-of-plane character
and, therefore, should sit at higher energy loss compared
to the dxy-orbital that lies primarily in-plane.
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FIG. 2: (a) Angular dependence of the dd-excitation spectra
at the Cu L3-edge resonance. (b) Calculated dd-excitation in-
tensities for each given scattering geometry. The characters of
each dd-peak are given in the figure. The inset gives the local
coordinate convention for the d-orbitals with respect to the
crystal axes. (c) Comparison of fits with different lineshapes
of the spectra taken at 0 degrees. We find that a Gaussian
profile provides a much better fit relative to the Lorentzian.
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FIG. 3: (a) RIXS energy-loss map for CYCO at specular reflection. A visible shift in the peaks can be seen as one tunes
across the Cu L3-edge resonance. (b) Plot of the peak position fit for the dxy and dxz/yz excitations. The peaks shift on the
order of 50 - 80 meV. (c) Schematic showing the Franck-Condon process at the CuL3-edge. (d) Calculated RIXS map using a
Franck-Condon treatment for the lattice coupling to the atomic-level model for the electronic and orbital degrees of freedom.
(e) Fits of the peak positions from the calculated RIXS map showing a similar shift over an equivalent incident energy window.
In addition to the positions and intensities, we can also
examine the lineshapes of the dd-excitations. Fig. 2(c)
shows both Gaussian and Lorentzian fits to the data, fo-
cused near the edge of the first peak to emphasize the
quality of fit. We find that the Gaussian fit gives a much
smaller error compared with the Lorentzian fit, which is
the expected lineshape for a single oscillator-like excita-
tion. However, the width of the Gaussian peak is nearly
twice that of our resolution, indicating that instrumental
broadening is not the cause for such unusual lineshapes.
Instead, such data strongly indicates the presence of ad-
ditional underlying features.
To gain further insight, we perform an incident energy
dependent study across the Cu L3-edge at specular re-
flection. The false-color RIXS map, shown in Fig. 3(a),
highlights an unexpected shift in the dd-peak energies as
one tunes incident photon energy across the resonance.
To quantify this energy shift, we plot in Fig. 3(b) the
energy positions of the dxy and dxz/yz peaks obtained
from Gaussian fits to the data, fitting all three peaks
simultaneously. We omit the d3z2−r2 peak as the fit-
ted peak position had much higher uncertainty due to
lower spectral weight when moving away from the ab-
sorption edge. This graph reveals an unambiguous shift
of ∼50-80 meV for the two plotted peak with increas-
ing incident photon energy across the edge. We again
note that the energy scale for magnetic exchange J is too
small to likely account for the size of this shift without
invoking extremely large electron-spin coupling. Interest-
ingly, previous RIXS experiments at the O K-edge[8] on
the same compound identified significant electron-lattice
coupling to an oxygen phonon mode at ∼70 meV in this
system, similar to the observed energy shift for the two
peaks. Furthermore, such energy scales are comparable
to those seen in other cuprates through angle-resolved
photoemission measurements, where “kinks” in the elec-
tronic dispersion are signatures of electron-phonon cou-
pling, with the 70 meV energy scale attributed to in-plane
bond breathing modes[25, 26]. Thus, it is likely that the
observed energy shift is associated with coupling between
the orbital dd-excitations and this 70 meV phonon.
We now extend the atomic model to include lattice de-
grees of freedom. However, as nuclear motion occurs on a
much longer timescale than electronic excitation, we uti-
lize the Born-Oppenheimer approximation in which the
lattice and electronic degrees of freedom are decoupled
and apply a Franck-Condon treatment of the interaction
between the dd-excitations and phonons. A schematic of
the Franck-Condon process applicable to RIXS at the Cu
L-edge is shown in Fig. 3(c). The electronic potential
energy of the system is determined by the lattice spac-
ing between the copper and oxygen atoms, which can be
parametrized by an effective internuclear coordinate, as
sketched in Fig. 3(c), and whose equilibrium value is de-
noted by η. Starting in the ground state (2p63d9) with
equilibrium internuclear coordinate η0, the first step in
4the RIXS process creates a 2p53d10 intermediate state.
The additional electron in the valence shell increases the
Coulomb repulsion with the ligands, causing an increase
in the equilibrium coordinate by ∆ηe. The photoexcita-
tion occurs instantaneously compared to the time scale
of nuclear motion, introducing a manifold of lattice vi-
brations into the intermediate state. In the second step
of the RIXS process an electron is removed from the va-
lence shell and a photon is emitted, leaving the system
in an excited 2p63d9∗ final state. This causes a decrease
in η, related to the reduction in effective Coulomb repul-
sion with the ligands. This decrease, denoted ∆ηαd , will
depend upon the dα-orbital involved in the final state ex-
citation. This relaxation is also instantaneous compared
to nuclear motion, introducing another manifold of lat-
tice vibrations into the final states.
We allow the electronic contribution, i.e. the bare dd-
energies and lifetimes, to be free fitting parameters. Such
excitations will have a Lorentzian lineshape, with the en-
ergy and lifetime corresponding to the peak position and
linewidth, respectively. The contribution from lattice
coupling requires an estimate of the phonon energy (Ω)
and the phonon effective mass (µ), as well as the change
in effective internuclear coordinate during both the exci-
tation (∆ηe) and de-excitation processes (∆η
α
d )[27]. We
fix the values of Ω = 70 meV and ∆ηe = 0.22 A˚ , in
agreement with previous experiments that analyzed the
influence of lattice coupling near the elastic line at the
O K-edge[8]. We take the effective mass to be that of
oxygen (µ = 16 amu). The ∆ηαd ’s are left as additional
free fitting parameters, which control the overall energy
shift of each dd-excitation. We plot the calculated RIXS
energy loss map in Fig. 3(d) and apply the same analysis
used on our experimental data, i.e. fitting the calculated
spectra to three Gaussian peaks. The fitted positions
for the dxy and dxz/yz peaks are plotted in Fig. 3(e).
The shifts seen in the experimental data for these peaks
are well reproduced by the calculations. Effects of instru-
mental resolution were not included as they are secondary
to the underlying cause of the peak lineshape distortion,
discussed below.
To further illustrate how the electron-phonon coupling
manifests in the dd-excitation profile, we plot in Fig. 4
a representative energy loss curve (dotted curve), cal-
culated for an incident photon energy of 931 eV. The
contribution from individual phonon occupations (solid
curves) are shown color-coded to each dd-excitation. The
zero-phonon lines are plotted in bold and their respective
positions, i.e. the bare dd-excitation energies, are marked
with an arrow of corresponding color. As can be seen, the
individual phonon lines overlap to produce a broadened
dd-excitation peak with an effective Gaussian envelope
(colored dashed curves), despite the fact that individual
peaks have Lorentizan lineshape. This provides a natural
explanation for the Gaussian-like dd-excitations observed
in the experimental data (Fig. 2 (c)), beyond that of
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FIG. 4: Single RIXS spectrum calculated for an incident
photon energy of 931 eV . The individual phonon peaks are
plotted as solid lines, and color coded to their respective dd-
excitation. The zero-phonon lines are plotted in bold, with
the peak positions indicated with a corresponding colored ar-
row. The sum of the phonon peaks for each excitation are
plotted as colored dashed lines, demonstrating an effective
width broadening and emergent Gaussian lineshape. The to-
tal spectrum is plotted as a dotted black line, where the en-
velope peak positions (plotted previously in Fig. 3(e)) dif-
fer from the bare excitation positions. The energy difference
is determined by the number of phonons which are excited,
which depends on the change in equilibrium lattice constant.
simple instrumental broadening. Varying incident pho-
ton energy changes the relative weights of the individ-
ual phonon components, resulting in an apparent shift
in the Gaussian envelope peak. In addition, we notice
a large difference between the peak positions obtained
from the fitting compared to the peak positions of the
bare excitations, which clearly demonstrates that the ex-
perimentally observed dd-excitations energies have been
renormalized through electron-lattice coupling.
Similar FC-induced Gaussian lineshapes have been
observed in the single particle spectral function in
underdoped cuprates by angle-resolved photoemission
spectroscopy[28]. In x-ray scattering studies, we note
that shifts have been observed in charge-transfer ex-
citations at the Cu K-edge[27, 29, 30], and that in
non-resonant inelastic x-ray scattering, anomalous peak
widths of dd-excitations have been attributed to cou-
pling to phonons[31]. However, in our study one can
deduce the effects of the lattice coupling to electrons
with different orbital character, as the dd-peaks are well-
separated. Such an orbital-selective coupling could not
be observed in measurements from the elastic or charge-
transfer peaks.
Our results demonstrate that the coupling between low
and high energy excitations, such as the charge-orbital-
lattice coupling observed in our study, can manifest in the
RIXS spectrum. We also emphasize that this coupling
5will affect the electronic parameters derived from spectro-
scopic measurements of the associated excitations. For
example, the derived ligand-field energy-splitting of the
dd-excitations will be larger than the “true” values as the
measured peak positions are shifted to higher energy loss
due to this coupling with lattice excitations. In addition,
the derived excitation lifetimes will be underestimated as
the peak linewidths are broadened due to the overlap of
multiple phonon excitations, beyond that of instrumental
resolution. With additional improvements in resolution
and theoretical treatments of RIXS, detailed studies such
as the one presented here will not only help identify the
constituent excitations of solids but also help elucidate
the interactions between them.
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